To investigate the anti-inflammatory effect of aminoimidazole carboxamide ribonucleotide (AICAR), an analog of adenosine monophosphate (AMP), in endotoxin-induced uveitis (EIU). METHODS. EIU was induced by subcutaneous injection of lipopolysaccharide (LPS) (200 g) in Lewis rats. AICAR (50 mg/kg, intraperitoneally) was given 6 hours prior and at the same time as LPS injection. Clinical uveitis scores, number of anterior chamber (AC) infiltrating cells, anterior chamber protein concentration, retinal vessel leukocyte adhesion, and protein leakage were measured 24 hours later. Protein levels of C-C chemokine ligand-2 (CCL-2)/monocyte chemotactic protein-1 (MCP-1), tumor necrosis factor-␣ (TNF-␣) and intercellular adhesion molecule-1 (ICAM-1) in aqueous humor and retina and nuclear translocation of nuclear factor-B (NF-B) in the retina were determined by enzyme-linked immunosorbent assay (ELISA). Both mRNA and protein levels of CD14 in peripheral blood mononuclear cells were also measured. RESULTS. AICAR treatment significantly reduced EIU clinical severity as well as inflammatory cell infiltration and protein concentration in aqueous humor. Similarly, the number of retinal vessel-adherent leukocytes and protein leakage were decreased by AICAR treatment. Protein levels of TNF-␣, CCL-2/MCP-1, and ICAM-1 in aqueous humor and CCL-2/MCP-1 and ICAM-1 levels in retina were suppressed with AICAR treatment. AICAR also reduced NF-B translocation and CD14 expression. CONCLUSIONS. AICAR reduces systemic LPS susceptibility and attenuates intraocular inflammation in a rat EIU model by limiting infiltration of leukocytes, suppressing inflammatory mediators, and inhibiting the NF-B pathway. (Invest Ophthalmol Vis Sci. 2011;52:6565-6571)
U veitis, an inflammatory eye disorder of the uveal tract and contiguous structures, is a significant cause of visual loss. 1, 2 In some cases of human uveitis, immunosuppressive drugs including corticosteroids, antimetabolites and biologics are needed to control the inflammatory process. However, there are patients who do not respond or cannot tolerate these agents. 3, 4 Therefore, other treatment options in uveitis are needed.
Endotoxin-induced uveitis (EIU) is a rodent model of human uveitis, induced by a single systemic injection of endotoxin or lipopolysaccharide (LPS). 5 These animals develop acute bilateral anterior inflammation, characterized by a breakdown of the blood-ocular barrier and accumulation of inflammatory cells. Various mediators such as interleukin (IL)-6, tumor necrosis factor-␣ (TNF-␣), C-C chemokine ligand-2 (CCL-2)/monocyte chemotactic protein-1 (MCP-1) contribute to the development of EIU. 6 -8 Inflammation in the posterior segment of the eye is seen in EIU with the adherence of recruited leukocytes to the retinal vascular endothelium, by expression of intercellular adhesion molecule-1 (ICAM-1) and the breakdown of the blood-retinal barrier. 7, 9, 10 EIU has been used to investigate the pathogenesis of uveitis and to evaluate the therapeutic effect of several drugs. [11] [12] [13] [14] CD14 is coreceptor for LPS and expressed mainly on monocytes, macrophages, and neutrophils and its association with Toll-like receptor 4 leads to activation of transcriptional factors, including nuclear factor-B (NF-B). 15 There have been reports that suppression of CD14 expression has a potent therapeutic effect on reducing LPS-induced inflammation 16 including EIU. 17 AMP-activated protein kinase (AMPK) is a metabolic stresssensing enzyme that allows a cell to modify cellular pathways to reduce energy usage and increase energy production. 18 -20 A cell-permeable activator of AMPK, 5-aminoimidazole-4-carboxamide-1-␤-d-ribofuranoside (AICAR), has been examined in animal models of metabolic diseases. 21 The therapeutic effect of AICAR has been reported in disease states including ischemia and reperfusion heart injury, 22 diabetes, 23 and B-cell chronic lymphocytic leukemia. 24 Recently, AICAR has been shown to have an anti-inflammatory effect through inhibition of LPSinduced proinflammatory mediators including TNF-␣, IL-1␤, and IL-6. 25 It has also been reported to reduce the inflammation in acute lung injury 26 and autoimmune diseases such as neuritis via AMPK activation. 27, 28 In vitro studies have shown AICAR's possible therapeutic potential for treating retinoblastoma cell proliferation 29 and the inflammatory response of retinal pigment epithelium (RPE) cells. 30 However, its ability to suppress uveitis-related intraocular inflammation has not yet been examined.
In the present study, we investigated whether AICAR can suppress ocular inflammation in EIU and then sought to understand the molecular mechanisms responsible for the anti-inflammatory effect.
Use of Animals in Ophthalmic and Vision Research and were approved by the Animal Care and Use Committee of the Massachusetts Eye and Ear Infirmary. Six groups of male Lewis rats (6 -8 weeks old; Charles River, Wilmington, MA) were compared in these experiments: (1) normal: no treatment; (2) AICAR: normal rats treated with AICAR 6 hours before examination; (3) LPS: EIU rats treated with PBS; and (4) LPS with AICAR: EIU rats treated with AICAR. EIU induction was achieved with injection of 200 g of LPS (Salmonella typhimurium; Sigma Chemical, St. Louis, MO) diluted in 0.1 mL PBS into one hind footpad. AICAR and PBS (for placebo treatment) were delivered via intraperitoneal injection of AICAR (50 mg/kg or 100 mg/kg body weight, Sigma) diluted in 150 L PBS and equal volume of PBS, respectively, at 6 hours before and the same time as LPS injection. In addition to the pretreatment, we also examined the effect of AICAR (50 mg/kg), given only at same time as LPS injection (5), and 6 hours after LPS injection (6) .
Clinical Evaluation of EIU
Clinical scoring of EIU was performed as previously described. 31 Slit lamp examination was conducted 24 hours after LPS injection in a masked fashion. The severity of EIU was graded from 0 to 4 by a masked investigator, using the scale: 0 ϭ no inflammatory reaction; 1 ϭ discrete inflammation of the iris and conjunctival vessels; 2 ϭ dilation of the iris and conjunctival vessels with moderate flare in the anterior chamber; 3 ϭ hyperemia in iris associated with Tyndall effect in the anterior chamber; and 4 ϭ same clinical signs as 3 plus the presence of fibrin or synechiae.
Histopathologic Evaluation
EIU rats were euthanatized 24 hours after LPS injection. The eyes were enucleated immediately and stored in 10% formalin solution. They were then embedded in paraffin and 10-m sagittal sections were cut and stained with hematoxylin and eosin. For histopathologic evaluation, the anterior and posterior chambers were examined with light microscopy.
Infiltrating Cells and Protein Concentration in Aqueous Humor
Aqueous humor was collected by anterior chamber puncture with a 30-gauge needle 24 hours after LPS injection. For cell counting, 1 L of aqueous humor was diluted with PBS and suspended in an equal amount of Trypan-blue solution, and the cells were counted with a hematocytometer under a light microscope. A separate sample of aqueous humor was centrifuged at 2500 rpm for 5 minutes at 4°C and the total protein concentration was measured by Lowry methods with a protein assay kit (Bio-Rad, Hercules, CA). Aqueous samples were stored on ice until used; cell counts and total protein concentrations were measured on the day of sample collection.
Ex Vivo Evaluation of Retinal Vascular Adherent Leukocytes
Leukocyte adhesion to the retinal vessels was evaluated 24 hours after EIU induction by using the Concanavalin A (Con A) lectin staining technique. 32 After deep anesthesia, the chest cavity was opened and a 20-gauge perfusion cannula was introduced into the aorta. Rats were then perfused with 20 mL PBS to remove erythrocytes and nonadherent leukocytes, followed by 20 mL of fluorescein-isothiocyanate (FITC)-coupled Con A (Vector Laboratories, Burlington, CA) in PBS to stain the vascular endothelium and firmly adherent leukocytes. Subsequently, residual unbound Con A was removed with 20 mL PBS. The eyes were subsequently enucleated and the retinas were carefully flat-mounted. The flat-mounts were imaged using an epifluorescence microscope (DM RXA; Leica, Solms, Germany) and the total number of Con Astained adherent leukocytes per retina was counted.
Evaluation for Retinal Vascular Leakage
Protein leakage from retinal vessels was assessed with a biotinylated bovine serum albumin (bBSA) assay as previously described. 10 At 23 hours after LPS injection, rats were anesthetized and 0.14 mL of 43.7 mg/mL bBSA (Santa Cruz Biotechnology, Santa Cruz, CA) was injected through the femoral vein. After 1 hour, the chest cavity was opened and the rat was perfused with lactated Ringer's solution via the left ventricle for 6 minutes. Subsequently, the eyes were enucleated and retinas were carefully removed and placed in cold PBS. The retinas were then placed in 500 L of lysis buffer (Complete Protease Inhibitor Cocktail Tablets; Roche Diagnostics Corp., Indianapolis, IN) containing protease inhibitor, sonicated and centrifuged at 13,000 rpm for 10 minutes. Supernatant was collected and bBSA concentration was measured by enzyme-linked immunosorbent assay (ELISA). The degree of vascular leakage was estimated by measuring the protein concentration in each retina.
Preparation of Nuclear Extracts and Detection of NF-B Activity
For the measurement of NF-B activity, we used pooled retinas from six normal rats and nine EIU PBS-treated rats and nine EIU AICARtreated rats. Retinas were homogenized and nuclear extracts were prepared (ProteoJet Cytoplasmic and Nuclear Protein Extraction Kit; Fermentas Inc., Burlington, Canada). The amount of NF-B in the nuclear extracts was analyzed by measuring the p65 protein levels with a NF-B detection kit (p65 Transcription Factor Assay kit; Active Motif, Carlsbad, CA). NF-B concentration was calculated and corrected for protein concentration.
Detection of Cytokines and Chemokines in Serum, Aqueous Humor, and Retina
Under deep anesthesia, the animals were killed and the retinas were carefully removed 24 hours after LPS injection, placed into 200 L of lysis buffer and then sonicated. The lysate was centrifuged at 13,000 rpm for 10 minutes at 4°C and supernatant was isolated. Three hours after LPS injection, blood samples were collected from the heart and subsequently centrifuged at 3000 rpm for 30 minutes at 4°C and serum samples were separated. Cytokine and chemokine levels in the serum, aqueous humor, and retina were assessed with the rat CCL-2/MCP-1 (Invitrogen, Camarillo, CA), rat TNF-␣ kit (R&D Systems, Minneapolis, MN) and rat ICAM-1 kit (R&D Systems).
Preparation of Peripheral Blood Mononuclear Cell (PBMC) Samples
Three hours after LPS injection, blood samples were collected and PBMC samples were isolated by density gradient centrifugation (Histopaque 1083; Sigma). The red blood cells were lysed (Red Blood Cell Lysing Buffer; Sigma).
Western Blot Analyses for CD14
Pooled PBMCs from three rats were homogenized with lysis buffer (Roche Diagnostics Corp.) and centrifuged at 13,000 rpm for 10 minutes at 4°C. Thirty g of protein per sample was electrophoresed in a 4% to 20% gradient sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Invitrogen) and electroblotted to polyvinylidene fluoride membrane (Millipore, Billerica, MA). After blocking with 5% skim milk, the membranes were incubated with a rabbit polyclonal antibody against CD14 (1:200, Santa Cruz Biotechnology) or GAPDH antibody (1:1000; Cell Signaling, Danvers, MA) at room temperature for 1 hour. The membranes were washed three times (5 minutes each time) with Tris buffered saline (TBS)/tween and incubated for 30 minutes at room temperature with horseradish peroxidase-labeled antirabbit secondary antibody (1:20,000; Jackson ImmunoResearch, West Grove, PA). The membranes were washed three times (5 minutes each time) in TBS/tween, and the proteins were visualized (ECL plus; GE Health Care, Buckinghamshire, UK).
Measurement of CD14 mRNA Expression by Real Time PCR
Total RNA of PBMC was harvested from cells (RNeasy kit; Qiagen, Valencia, CA), and complementary DNA (cDNA) was generated (OligodT primer and Superscript II; Invitrogen) according to the manufacturer's instructions. Real-time PCR was carried out using the following gene expression assays (TaqMan; Applied Biosystems): CD14 (Rn00572656_g1) and actin (Rn00667869_m1). Quantitative expression data were acquired and analyzed (Step One Plus real-time PCR system; Applied Biosystems, Foster City, CA).
Statistical Analysis
All results were expressed as mean Ϯ SD. EIU scores were compared by the Mann-Whitney test. Continuous variables from the other experiment were analyzed with the unpaired Student's t-test. P Ͻ 0.05 was considered to be statistically significant. Figure 1A shows that clinical inflammation scores were significantly reduced in EIU rats pretreated with AICAR 50 mg/kg (2.2 Ϯ 0.75, n ϭ 15) and 100 mg/kg (2.7 Ϯ 1.4, n ϭ 12) compared with PBS-treated EIU rats (3.6 Ϯ 0.7, n ϭ 15) (P ϭ 0.00008 and 0.045, respectively). No inflammation was detected in age-matched normal rats that received AICAR alone (n ϭ 6). The findings of fibrin formation and posterior synechiae were rarely seen in AICAR-pretreated EIU animals (Fig.  1B) . Histopathological findings also revealed severe leukocyte infiltration in EIU rats compared with rats pretreated with AICAR (Fig. 1C) . We also performed these experiments with administration of a single dose of AICAR at two other time points: at LPS injection and 6 hours after LPS injection. With these alternative timing regimens, there was no suppression of inflammation compared with controls. EIU clinical scores were 3.7 Ϯ 0.5 (n ϭ 6) and 3.9 Ϯ 0.2 (n ϭ 6), respectively. Because the pretreatment with AICAR 100 mg/kg dose was not more effective on reducing inflammation than 50 mg/kg (not statistically different, P ϭ 0.347), the remainder of the experiments were conducted with the 50 mg/kg dose.
RESULTS

Amelioration of EIU Treated with AICAR
Effects of AICAR on Infiltrating Cells and Protein Concentration in Aqueous Humor
The anti-inflammatory effect of AICAR on anterior chamber infiltrating cells and protein concentration is shown in Figure 2 . LPS injection induced severe cell infiltration into the aqueous humor total protein concentration in aqueous humor in EIU rats (18.3 mg/mL, range 8.2-37.8 cells/mL, n ϭ 11) was also inhibited in AICAR-pretreated EIU rats (7.9 mg/mL, range 0 -17.8 cells/mL, n ϭ 11, P ϭ 0.006). There were no significant infiltrated cells or protein levels observed in the normal controls (n ϭ 6) and AICAR-only treated rats (n ϭ 6).
Effects of AICAR on Retinal Leukocyte Adhesion
EIU-associated leukocyte adhesion to retinal vascular endothelium was also reduced with AICAR pretreatment (Fig. 3A) . Normal controls (n ϭ 5) and AICAR-only treated rats (n ϭ 6) showed few adherent leukocytes. In contrast, EIU rats revealed significant numbers of adherent leukocytes at 24 hours after LPS injection (1163 Ϯ 243.6 cells, n ϭ 8). AICAR pretreatment of EIU rats resulted in significant suppression of leukocyte adhesion (575.5 Ϯ 248.5 cells, n ϭ 11, P ϭ 0.001).
Effects of AICAR on Retinal Vascular Leakage
EIU rats had a higher amount of protein leakage from the retinal vessels as measured with bBSA assay (30.5 Ϯ 21.2 ng/mg total retinal protein, n ϭ 8) when compared with AICAR-pretreated EIU rats (11.2 Ϯ 7.2 ng/mg total retinal protein, n ϭ 8, P ϭ 0.03).
Effects of AICAR on NF-B Activity
To investigate the LPS-induced signal transduction pathway, P65 protein levels translocated into the nuclei of retinal cell extracts were examined 3 hours after LPS injection. As shown in Figure 4 , protein levels in the nuclear extracts were significantly elevated in PBS-treated EIU rats (27.3 Ϯ 11.0 ng/mg total protein, n ϭ 9) compared with control rats (8.3 Ϯ 8.6 ng/mg total protein, n ϭ 6, P ϭ 0.004), whereas AICAR pretreatment significantly suppressed the upregulation (18.2 Ϯ 3.9 ng/mg total protein, n ϭ 9, P ϭ 0.03). 
FIGURE 4.
Effect of AICAR on NF-B activity. NF-B P65 levels in the retinal nuclear extract from normal control (n ϭ 6), LPS (n ϭ 9), LPS with AICAR (n ϭ 9) were determined by ELISA. Data are shown as mean Ϯ SD; *P Ͻ 0.05, **P Ͻ 0.01.
Effects of AICAR on Cytokine and Chemokine Production in Aqueous Humor and Retina
The effects of AICAR on intraocular cytokine and chemokine levels were examined by ELISA (Table 1) . Protein expression of CCL-2/MCP-1, TNF-␣, and ICAM-1 in the aqueous humor (n ϭ 12) and retina (n ϭ 14) were measured. When compared with PBS-treated EIU rats, AICAR-pretreated EIU rats had significantly lower aqueous humor levels of CCL-2/MCP-1 (P ϭ 0.005), TNF-␣ (P ϭ 0.002), and ICAM-1 (P ϭ 0.04). Similarly, expression of CCL-2/MCP-1 and ICAM-1 in the retina was suppressed in the AICAR-pretreated group as compared with the PBS-treated group (P ϭ 0.004 and P ϭ 0.02, respectively). TNF-␣ protein was not detected in any retina.
Effects of AICAR on Serum Cytokine and Chemokine and CD14 Expression in PBMCs
Because AICAR was administered systemically, its suppressing effects on the intraocular inflammation could have been mediated locally or systemically. To investigate the systemic effects of AICAR during EIU development, we measured the serum cytokine levels 3 hours after LPS injection (n ϭ 11). Both CCL-2/MCP-1 and ICAM-1 levels were suppressed in AICARpretreated EIU rats compared with PBS-treated rats (CCL-2/ MCP-1: 0.4 Ϯ 0.2 ng/mL vs. 6.8 Ϯ 0.5 ng/mL, P ϭ 0.002 and ICAM-1: 21.6 Ϯ 5.0 ng/mL vs. 28.7 Ϯ 8.1 ng/mL, P ϭ 0.02). LPS is thought to mediate its effects through the CD14 receptor on leukocytes. We thus examined the effects of AICAR on the expression of both mRNA and protein expression of CD14 in PBMC by real time PCR and Western blot (Fig. 5) . Three hours after LPS injection, CD14 mRNA expression in PBMCs from EIU rats was significantly increased (3.8 Ϯ 0.7, n ϭ 9) compared with normal rats (0.7 Ϯ 0.3, n ϭ 6, P ϭ 0.009). AICAR pretreatment significantly suppressed CD14 mRNA levels (1.7 Ϯ 1.0, n ϭ 9, P ϭ 0.03). Similarly, the protein expression of CD14 was increased in EIU rats and decreased in AICARpretreated rats.
DISCUSSION
AICAR administration suppresses ocular inflammation in this EIU-model as measured by slit lamp assessment and histopathology. Anterior chamber cell infiltration, protein concentration, and the expression of proinflammatory cytokines and chemokines (MCP-1, TNF-␣, and ICAM-1) were also reduced by AICAR pretreatment. To our best knowledge, this is the first report of AICAR's suppressive effect on ocular inflammation in vivo.
In addition to AICAR's suppression of the acute anterior inflammatory process, we also found AICAR pretreatment reduces posterior segment inflammation in this model. Leukocyte adhesion to the retinal vessel is a well documented finding in EIU and expression of adhesion molecules such as ICAM-1 play a pivotal role in the pathogenesis of this finding. 33 It has been previously noted that ICAM-1 is expressed on vascular endothelial cell of the iris and the ciliary body and that an antibody to ICAM-1 reduces ocular inflammation. 9 In this study, the number of adherent leukocytes in retinal vessels of EIU rats was reduced by AICAR pretreatment. This is explained at least in part by the observed reduction in retinal expression of ICAM-1 and MCP-1, which is also involved in leukocyte recruitment. 34 Moreover, retinal vascular impermeability is well maintained in the AICAR-pretreated rats. This can also be at least partially attributed to the reduced expression of inflam- matory mediators observed in our study. These results suggest that AICAR could be effective for the posterior segment manifestations of inflammation, such as cystoid macular edema, which are a significant cause of vision loss in human uveitis. 1, 35 We also investigated AICAR's effect on NF-B activity in the eye, another potential pathway of its anti-inflammatory effect. Stimulation by various signals, including exposure to LPS, led to NF-B activation and its movement into the nucleus where it triggers transcription of various proinflammatory genes including MCP-1, TNF-␣, and ICAM-1. 36, 37 In the retinal samples, LPS-induced NF-B translocation to nuclei was significantly reduced in AICAR-pretreated rats. Our results suggest that subsequent diminished expression of inflammatory mediators in the eye could be the result of inhibition of NF-B activity.
Because AICAR was administered systemically, its anti-inflammatory effects on EIU may be mediated partially through systemic changes. Similar to previous reports of its use, AICAR reduced the serum inflammatory cytokine and chemokine production. We next examined CD14 expression in PBMCs. It has been reported that LPS stimulation elevates expression of CD14, which is necessary for LPS recognition. 15, 38 In this study, both protein and mRNA expression of CD14 were increased after LPS stimulation and pretreatment with AICAR significantly suppressed these elevations. It has been reported that LPS stimulation decreases AMPK activity in macrophages and increases their production of inflammatory cytokines, while AICAR may upregulate the AMPK activity and suppress cytokine production. 39 One of the treatment effects of AICAR in this study is considered to decrease LPS susceptibility by suppressing CD14 expression.
AICAR inhibits NF-B signaling 25, 26, 28 through AMPK activation 40 and we have shown that AICAR affects NF-B signaling in the eye; this may indicate a direct effect of AICAR on EIU. Some investigators have previously shown that some effects of AICAR are independent of AMPK activation. 30, [41] [42] [43] In this study, we did not specifically examine AMPK activity in the eye and it is a possibility that part of the treatment effect of AICAR shown in our study is independent of AMPK activity in the eye. Future investigations are needed to further clarify the mechanism of AICAR's effect on ocular inflammation.
These initial results indicate that systemic administration of AICAR reduced the severity of EIU by suppressing the systemic reaction to LPS and local inflammatory cytokine production partially through the NF-B pathway. In this study, AICAR's effect was confirmed only when it was used as pretreatment, suggesting AICAR might be effective for preventing the relapse of intraocular inflammation. AICAR has proven to be efficacious and well-tolerated in human clinical trials of myocardial infarction, 22 diabetes, 23 and leukemia. 24 If our findings are further validated, AICAR may warrant investigation as a novel therapeutic strategy for human uveitis.
